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Abstract. It is now clearly understood that atmospheric pend critically on the potentially large cooling or warming
aerosols have a significant impact on climate due to their im-effect of aerosols (Crutzen and Andreae, 1990; Ramanathan
portant role in modifying the incoming solar and outgoing in- et al., 2001). Aerosols scatter sunlight back to space and
frared radiation. The question of whether aerosol cools (negeause a regional cooling effect. These aerosols, consisting
ative forcing) or warms (positive forcing) the planet dependsof sulfates, sea-salt, soot, organic carbon and mineral dust,
on the relative dominance of absorbing aerosols. Recent inare produced both naturally and by human activities. Results
vestigations over the tropical Indian Ocean have shown thatpf numerous global warming models suggest that the aerosol
irrespective of the comparatively small percentage contribu-cooling or warming is one of the largest, if not the largest,
tion in optical depth { 11%), soot has an important role in source of uncertainty in predicting future climate (Hansen et
the overall radiative forcing. However, when the amount of al., 1998). The question of whether aerosols warm or cool the
absorbing aerosols such as soot are significant, aerosol optplanet depends on its chemical composition and relative con-
cal depth and chemical composition are not the only determitribution of various chemical species, which constitute the
nants of aerosol climate effects, but the altitude of the aerosoderosol. An aerosol with significant soot content can have
layer and the altitude and type of clouds are also importanta net warming effect. A completely scattering aerosol in-
In this paper, the aerosol forcing in the presence of cloudscreases the value of planetary albedo and hence, cools the
and the effect of different surface types (ocean, soil, vegetaplanet. If the absorbing aerosol (for example, soot) amount
tion, and different combinations of soil and vegetation) areis significant, the net effect of aerosol can be a decrease in the
examined based on model simulations, demonstrating thatalues of planetary albedo due to absorption. This means the
aerosol forcing changes sign from negative (cooling) to pos-warming or cooling effect can change from region to region,
itive (warming) when reflection from below (either due to depending on many factors, such as the relative strengths
land or clouds) is high. of various sources and sinks. The aerosols that have a net
cooling effect partly offset the warming due to greenhouse
gases, and those that have a net warming effect compliment
the greenhouse warming. However, when the amount of ab-
sorbing aerosols, such as soot, are significant, aerosol opti-
cal depth and chemical composition are not the only deter-
minants of aerosol radiative effects, but the altitude of the
1 Introduction aerosol layer and the altitude and type of clouds are also im-
portant. In this paper, we examine the effect of different

Aerosol particles originate from different sources and pro-¢,t5ce types (ocean and land) and cloud reflection on the
duction mechanisms. To describe a wide range of possibleoqq) forcing based on model simulations.

aerosol compositions, Hess et al. (1998) modeled aerosols
as various components (such as sulphates, sea-salt, soot,
etc.), each of them meant to be representative for a certait%

e ; Results
origin. These components can be mixed together to form
various aerosol mixtures (such as continental clean, marin%

polluted, etc). Regional consequences of global warming de- uring the Ind|.ar.1.m|ddle atmo;phere programme (IMAP.)’
a project was initiated to monitor the aerosol characteris-
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-10W m? -7 to +2 W m'? Table 1. Reflectance of different types of surfaces and their combi-
TOA TOA nations

Surface Type 0.4-0m 0.7-1.%m 1.5-3.um

+19 W m? +20 to +26 Wm Soil 0.178 0.386 0.492
Vegetation 0.089 0.367 0.170
70% soil; 30% vegetation  0.151 0.380 0.395

Ocean, R = 0.06 50% soil, 50% vegetation  0.133 0.376 0.331
-29 W m? 2410-27 W m? 30% soil; 70% vegetation  0.115 0.373 0.267

Fig. 1. Comparison of aerosol forcing over the ocean as compared

to trf'at g.\;fer 'ar:d' ?‘e values rep:]esem t.re ran?et_Of aergs‘)' forCdia. The above facts indicate that soot may have an im-
Icnogmgirnaltigr:inofstﬁé?\fvi types such as soll, vegetation an Var'ousportant role in the increase in aerosol optical depth during
' the last decade. This increasing soot may have implications

for the regional climate and Indian monsoon (Satheesh and

gramme, which became operational in the late eighties, hafamanathan, 2000).
been continued after IMAP as part of the Aerosol Climate2 1 Radiative t f del
and Effects (ACE) project of the Indian Space Research Or-"" adiative transter models

gqnlsanon's Geosph(_are I_3|osphere programme (|SRO'GBP)For estimating the aerosol radiative forcing and model sim-
with the long-term objective of evolving empirical models of ulations, we used a Monte Carlo Radiative Transfer model

the opt_icgl and physica_l proper_ties of atmospheric aerosol:(sjmd a Discrete Ordinate Radiative Transfer mode. A brief
over d|st|n|ct g_gogrzphlcal ean|rodn_m§nts .(Sluc? az_ COa?]t"j‘ldescription is given here and the details are available else-
continental, arid, urban, rural, and industrial) of India. T € where (Ricchiazzi et al., 1998; Satheesh and Ramanathan,

simultaneous observations at these sites have shown a lon%’OOO) The Monte Carlo Radiative Transfer (RT) model (de-
term increasing trend in the aerosol optical depth from 19895igned and developed at the Center for Atmospheric Sciences
to 1998 (Moorthy et al., 1999). A comparison of the mixed

: : of the Scripps Institution of Oceanography, San Diego) can
boqndary layer aer_osol op'FlcaI depth with j[he column aerosol)e used to estimate the aerosol impact (forcing) on the (SW)
opncal_de_\pth obt_amed using a solar rad_lometer has ShoWrﬂ)roadband fluxes at the surface and the top of the atmosphere
that this increasing trend was not confined to the bound—(TOA). The band from 0.2 to 4,0m is divided into 38 nar-
ary layer alone, but extended to higher altitudes as WeIIrOW bands. The molecular absorption due to water vapor
(Parameswaran et al., 1998; Moorthy et al., 1999). The in-COZ Oy, and Gy is taken into account. The zenith angle de—’
crease in aerosol optica_l c_;lepth was about §% per year (for th?enéent’ ocean albedo (reflectance), is used (Breigleb’ et al.,
per|o<_:l 1986-1998) at visible wavelengths and about 2.5% a 986). Discrete Ordinate Radiative Transfer code is designed
near-infrared wavelengths. , o . and developed by the University of California, Santa Bar-
More than half of the world’s population lives inthe Asian 55 for the analysis of a wide variety of radiative transfer
region. The economical developments in this region during,ohjems encountered in satellite remote sensing and atmo-
the last decade have resulted in a huge increase in the nUNLheric energy budget studies (Ricchiazzi et al., 1998). The
ber of industries and vehicles. The number of vehicles ingoqram is based on a collection of highly developed and re-
India has increased from 2 million during 1970 to 38 million |, pe physical models, which have been developed by the
during 1998 (Satheesh, 2002). Consequent industrial emiSgymaspheric science community over the past few decades.
sions and anthropogenic activities, such as biomass buming,s giscrete ordinate method provides a numerically stable
have created air pollution (aerosols) over most of the Asian,yrithm to solve the equations of plane-parallel radiative
region. Dunng the international Ind!an Oceaq EXpe,”memtransfer in a vertically inhomogeneous atmosphere. The in-
(INDOEX), which was a focussed field experiment in the tensity of both scattered and thermally emitted radiation can

Indian Ocean designed to assess the significance of anthrgy, computed at different heights and directions. The code

pogenic aerosols from the Indian and south-Asian subconti;g configured to allow for up to 40 atmospheric layers and 16

nents, the_aerosols over the tropical northern Indian Ocea?adiation streams (16 zenith angles and 16 azimuthal modes).
were studied. The aerosol measurements over the tropi-

cal Indian Ocean revealed that sulfate and ammonium con2 2  Effect of surface reflection on radiative forcing

tributes about 29% to aerosol optical depth, sea-salt and ni-

trate about 17%, mineral dust about 15%, and the inferrednclusion of measured aerosol properties in the radiative
soot, organics, and fly ash contribute, respectively, 11%, 20%ransfer model have shown that the presence of aerosols over
and 8% (Satheesh et al., 1999). Suresh and Moorthy (2001the tropical Indian Ocean increases the top of the atmo-
reported significant amounts of black carbon over southerrsphere’s reflected radiation by10 W m2 and decreases the
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Table 2. Effect of different surface types to aerosol forcing 3Wm? +11Wm?
2
(Wm™) LOA TOA
Surface Type Surface TOA Atmosphere
Soil —24.2 +2 +26.2

Vegetation -273 -7 +20.3
70% soil; 30% vegetation —25.4 -2 +23.4

50% soil; 50% vegetation —25.6 —4 +21.6

Ocean, R = 0.06

30% soil; 70% vegetation —26.4 -5 +21.4 36 W m? 27 W m?

Fig. 2. The effect of doubling the soot contribution to aerosol op-

tical depth and to aerosol radiative forcing. Here the land was as-
surface’s reaching radiation by 29 W m~ 2 (Satheesh and sumed as a combination of 70% soil and 30% vegetation.
Ramanathan, 2000). The estimation of the radiative effects of
individual aerosol species have shown that even though soot
contributes only 11% to the aerosol optical depth, it has a From extensive measurements of soot and size-segregated
very significant role in the forcing due to its absorption prop- aerosol concentration over Bangalore (b3 77° E), an ur-
erties. Soot contributes about 35% of the total reduction ofoan site in India, Suresh Babu et al. (2002) reported that
solar radiation at the surface (Podgorny et al., 2000; Satheesspot contributes to about 12% of the total aerosol mass. In
and Ramanathan, 2000). This is over the ocean, where sulNDOEX measurements, as reported in Satheesh et
face reflection is very low~ 6%). If the same aerosol sys- al. (1999), soot contribution to total aerosol mass was only
tem were present over the land, the effect of soot absorptiorf%. In the aerosol model of Hess et al. (1998), soot contribu-
would be significantly larger because the reflectance of thdion to total aerosol mass for an urban site was.8%. This
land is much higher and the radiation reflected from the surdindicates the presence of high levels of soot over the Indian
face below would interact with the medium (aerosol) again. region. To examine the impact of an increased concentration

A sensitivity study is shown in Fig. 1, where a spectral Of soot on the climate, soot contribution to the aerosol opti-

dependent surface reflectance (corresponding to each wavéal depth was doubled in the aerosol system (model). The re-
length band in the RT model) was used for land. It was Sults show that this aerosol system (absorbing) over the ocean
assumed that both soil and vegetation constitute land surWith an optical depth of 0.4 and soot contributing?2% to
face. The spectral reflectance of soil and vegetation usedhe aerosol optical depth) would reduce the surface reaching
are given in Table 1. Three cases were examined. In théolar flux by~ 36 W m2 and increases the top of the atmo-
first case, land was assumed to be a combination of 709sPhere radiation by-3W m~2, resulting in an atmospheric
soil and 30% vegetation coverage. In the second casedbsorption of~33Wn2 (F|g 2). The same aerosol sys-
|t was m|xed equa”y and |n the th”'d case, |t was 30% tem over land (|n the case of 70% soil and 30% Vegeta“on)
soil and 70% vegetation. In each case, surface reflectionvould produce a TOA forcing of 11 Wm™2 (Fig. 2) and an
was estimated as the area weighted average of the ind@tmospheric absorption 6f 38 W m~2 (Fig. 2). This aerosol
vidual reflectance (Table 1). Over land, the presence ofieating over the ocean translates to an atmospheric heating
a similar aerosol system, such as reported in Satheesh &f ~ 0.9 K/day, whereas that over land translates to an at-
al. (1999), would have a surface forcing in the range of Mospheric heating of 1.1° K/day. The above results show
—24t0—27 Wm2 and top of the atmosphere forcing in the clearly the adverse effects of an increased soot concentration.
range of—7 to +2Wm~2, resulting in an atmospheric ab-
sorption in the range 0§20 to+26 Wm 2. This range of 2.3 Effect of cloud reflection on radiative forcing
values represents all of the above three cases. The detailed
analysis of the aerosol forcing in the three cases of surfac&he radiative forcing of aerosols strongly depends on the
reflection is given in Table 2. Thus, over land, the presenceeflectivity of the underlying surface. The non-absorbing
of absorbing aerosols have a much more significant impacterosols reflect sunlight and have a cooling effect that is
than over the ocean. Also, due to the high surface reflectiorgreatest over low albedo surfaces and smallest for high
(in the case of soil), the aerosol forcing at the top of the atmo-albedo surfaces (Heintzenberg et al., 1997). Light absorb-
sphere has changed sign from negative to positive (Table 2)ng aerosols also scatter light, and their net effect depends
In addition, land responds much more quickly to the change®n the relative magnitudes of scattering and absorption (sin-
in ground reaching solar flux compared to the ocean due tale scattering albedo), as well as the albedo of the underly-
its low heat capacities and hence, soot over land has maning surface. This means that the knowledge about the alti-
more implications than the similar amount of soot over thetude in which the aerosols are distributed and the presence of
ocean. aerosol layers above the ground is very important. Aerosol
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Fig. 3. Effect of cloud reflection on the aerosol radiative forcing. The dotted line represents the cloud layer and the solid line shows a vertical
profile of aerosol concentration. The details of cloud properties used are given in the text.

optical depth and chemical composition are not the only de-wherermeg is the mod radius imm. The values of the size
terminants of the aerosol effect on the climate. The verticaldistribution parameters, number density and cloud thickness
distribution of aerosol and the type and height of clouds areare varied to obtain a cloud layer with the visible optical
equally important (Heintzenberg et al., 1997). For a givendepth of 4.0 and a visible region albedo-e0.47 and near
aerosol optical depth, the aerosol distributed near the surfackR albedo of~0.39. In the radiative transfer model, spec-
and that distributed as a layer above the ground have entirelyral cloud albedo (corresponding to each wavelength band)
different climate effects. For example, an aerosol layer ovewas used. Cloud coverage was assumed at 50%. Thus, the
the ocean, above a thin sheet of stratocumulus cloud, hasolar radiation reaching the surface consists of the fraction
an entirely different climate effect compared to an aerosolnot intercepted by clouds, as well as the fraction transmit-
layer below the cloud. In the same case, the climate effected through the clouds. Similarly, radiation reflected back
would be again different if the clouds were absent. Theseto space consists of the fraction reflected from clouds and
effects would become amplified in the presence of absorbthe fraction reflected from the surface (in addition to that
ing aerosols, because the light reflected by clouds interactbackscattered by aerosols and air molecules). It can be seen
with the medium (aerosols) again and results in an increasethat the presence of clouds can change the sign of the forc-
absorption. Thus, aerosol forcing in the presence of cloudsng from negative (cooling) to positive (warming) (Fig. 3).
is a difficult problem. It is very difficult to measure directly The magnitude of this effect depends on the altitude of the
the effect of aerosols alone in the presence of clouds, if nolaerosol layer with respect to clouds. In the case of clouds
impossible. One way to estimate the aerosol forcing in thebelow the aerosol layer, the radiation reflected back from the
presence of clouds is to incorporate accurate aerosol propeciouds interacts with the aerosol layer again, thus enhancing
ties into radiative transfer models and then estimate the forcthe absorption effect. In the case of clouds above the aerosol
ing in the presence of clouds. The observed values of clealayer, a fraction of the radiation is intercepted by clouds and
sky aerosol forcing at TOA is about10 W2 over the  hence radiation available to interact with aerosols is smaller
tropical Indian Ocean (Satheesh and Ramanathan, 2000). Aand hence, the aerosol influence at the TOA is smaller com-
in the case of reflecting land surface, cloud reflection frompared to the former case. In both cases, the presence of a
below enhances the absorption effect due to multiple interaceloud layer changes the sign of TOA forcing from negative
tions of the light beam with the medium. The effect of the to positive. At the surface, aerosol forcing is more or less the
presence of clouds on aerosol radiative forcing is shown insame in both cases.
Fig. 3. Here, an optically thin stratocumulus layer was as-
sumed. The cloud droplet number distribution was assumed )
to follow a modified gamma distribution given by 3 Conclusions
aN _ Nar* exp(—Br”) , (1)
dr
whereN is the number density in cn¥, « andy are con-
stants that describe the slope of the distributiois a nor-
malising constant ensuring that the integral of size distribu-
tion over all radii yieldsV. The value ofB is given by 2. Depending on the relative altitude of the aerosol layer
o and the clouds, the aerosol forcing can vary significantly
= m ’ @) for the same aerosol concentration and composition.

1. When the amount of absorbing aerosols such as soot are
significant, aerosol optical depth and chemical compo-
sition are not the only determinants of aerosol climate
effects, but the altitude of the aerosol layer and the alti-
tude and type of clouds are also important.
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